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Introduction
Neovascularization, the generation of new blood vessels, is required not only in such normal phenomena as wound repair and embryonic development but also in such pathological conditions as tumor growth, proliferation of connective tissue, chronic inflammation, and certain immune reactions (1) . The rheumatoid synovial membrane is characterized by prominent infiltration of mononuclear cells in the sublining region of the synovium. These cells carry out a series of cellular and humoral immune reactions that are responsible for the maintenance and spread of rheumatoid synovitis (2) . Inherent in this process is an active proliferation of small blood vessels that are required for the extensive emigration of mononuclear cells and proliferation of the synovial tissues, which are characteristic of this type of synovitis. Proliferation of small blood vessels is critically dependent on the local proliferation of endothelial cells (EC) (1) . In contrast to infiltrating mononuclear cells like the macrophage, which is derived from bone marrow, there is no distant reservoir to supply an increased demand for EC by the proliferating vessels of the rheumatoid synovium. Inhibition of EC proliferation, therefore, would have the potential to slow or diminish immunologically mediated rheumatoid inflammation. Because EC may participate in immunological reactions by presenting antigen to T and B lymphocytes (3) (4) (5) with expression of histocompatibility (Ia) antigen (6) , and by secreting IL 1 (7, 8) , a decrease in the EC population may diminish synovial inflammation by also affecting these processes.
D-Penicillamine (D-Pen)' has been reported to improve the symptoms of RA and to bring about clinical remission (9) (10) (11) (12) (13) . Although a variety of actions ofthis drug have been reported to be responsible for its therapeutic efficacy (14) (15) (16) (17) (18) (19) (20) (21) (22) , the mechanism underlying its beneficial effects has not been adequately explained. To investigate the possible effects of D-Pen on angiogenesis, we have studied the action ofthis drug on basal and endothelial cell growth factor (ECGF)-stimulated proliferation of human umbilical vein EC, and also on ECGF-induced neovascularization in vivo. It has been shown that the concentrations of B-Pen, which are attained in the serum and synovial tissue of treated patients, inhibit EC proliferation and neovascularization.
Methods
Preparation ofhuman EC and EC monolayers. EC were obtained from human umbilical veins as described previously with some modifications (23) . Fresh umbilical cords were placed in HBSS (Gibco Laboratories, Grand Island, NY). The Inhibition ofcorneal neovascularization by D-Pen. ECGF-containing sterile polymer pellets were made as described previously with slight modifications (28). 5 mg of ECGF was diluted in hydroxyethylmethacrylate (Polysciences, Inc., Warrington, MA) in 70% alcohol at 370C. This solution was dried under a mild vacuum overnight, leaving the ECGF trapped within the polymer matrix. The ECGF pellet, 1 X I X 0.5 mm3, was then implanted in rabbit (Japanese white, female, 3 kg) comeal stroma 2 mm away from the comeal-scleral junction as described previously (29) . Various concentrations of D-Pen were injected daily intravenously, and the rabbit was killed 8 d later. Before being killed, the rabbit was perfused from the carotid artery with colloidal carbon to outline the comeal blood vessels. Newly formed blood vessels between the comeal-scleral junction and the ECGF pellet were then macroscopically examined. For histological examination, entire anterior segments (cornea and iris) were excised and fixed with 10% buffered formalin. Paraffin sections were stained with hematoxylin and eosin.
Measurement ofD-Pen concentration in the plasma ofrabbits intravenously injected with D-Pen. The rabbits were injected intravenously with 10 mg/kg D-Pen. Venous blood was taken at various times thereafter and the concentrations of D-Pen in the plasma were determined by HPLC as described previously (30).
Results
Synergistic inhibition ofEC DNA synthesis by D-Pen and copper sulfate. To study the dose response of EC to ECGF and the effect of D-Pen on this response, the monolayers derived from 2 X 104 EC in microtiter wells were incubated with increasing concentrations of ECGF, simultaneously with or without D-Pen or D-Pen plus copper sulfate (Fig. 1) . ECGF increased [3HJTdR incorporation into EC in a dose-dependent fashion. A significant increase was observed at 12.5 ,ug/ml ECGF and maximal response was attained at 50 jig/ml. D-Pen, when added at a concentration of 15 tg/ml (100 ,uM) in the presence of 2 gg/ml (8 (Fig. 3) . D-Pen and copper inhibited DNA synthesis in both unstimulated and ECGF-stimulated EC in a dose-dependent fashion, with significant inhibition being observed in the range of 10 ug/ml. 15 Ag/ml D-Pen produced 65 and 60% inhibition of DNA synthesis in basal and ECGF-stimulated EC cultures, respectively. These ranges of concentrations did not significantly affect EC viability when examined by trypan blue exclusion and 5"Cr release. These concentrations are also attained in the serum and synovial tissue of treated patients (31-33). n-Pen, when present in the absence of copper sulfate, induced small but significant inhibition at a level of 25 ug/ml. Similar magnitude of inhibition by n-Pen and copper sulfate was observed in the DNA synthesis of both unstimulated and IL 1-stimulated fibroblasts. Inhibition of DNA synthesis of lymphocytes in Con A or PHA-stimulated PBMC cultures was smaller than those observed with EC and fibroblasts at concentrations > 15 ,g/ml (P < 0.05).
Effect of H202 and H202 generated by D-Pen and copper sulfate on EC DNA synthesis. As it has been suggested that D-Pen in the presence of cupric ion produces H202 and that the H202 produced plays a significant role in the inhibition of .°30 --\D-Pen+cus04 [3H]TdR incorporation into PBMC without mitogen stimulation was 980±540 SE cpm. Each point represents the mean of four separate experiments, each done in triplicate. A t test of each point was performed by comparison with the control (* = P < 0.05, f = P < 0.01).
the proliferation of T lymphocytes (22) , the effects of H202 on EC DNA synthesis were examined (Fig. 4) 20 comparison with the control = P < 0.05, P = P < 0.01). fashion. Significant inhibition was detected at a concentration of 5 AM H202 and linear inhibition was observed up to 20 MM. In this concentration range, H202 did not significantly affect the viability of EC when examined by both 51Cr release and trypan blue exclusion. Table I showed the effect of CAT, HRPO, boiled CAT, or SOD on the H202-induced inhibition of EC DNA synthesis. Both CAT and HRPO reversed the H202 inhibition. When the enzymatic activity of CAT was blocked by boiling as described previously (27) , CAT failed to prevent the inhibition exerted by H202. SOD did not affect the inhibition by H202. These enzymes, when added to the cultures alone, did not alter either basal and ECGF-stimulated EC proliferation.
To determine whether the inhibitory effects of n-Pen and copper sulfate might be due to H202 produced by these agents, the effects of CAT, HRPO, boiled CAT, and SOD on n-Pen and copper sulfate-induced inhibition of EC DNA synthesis were examined (Fig. 5) . The addition of CAT or HRPO reversed the inhibition by D-Pen and copper sulfate to the con- 15 jig/ml n-Pen and 2 jig/ml CuS04 plus either nil, 500 U/ml CAT, 280 U/ml HRPO, 500 U/ml boiled CAT, or 50 (Fig. 7) . Regardless of the presence or absence of copper sulfate, neither n-Pen disulfide nor oxidized glutathione affected EC proliferation. The corresponding thiols, however, were active. Inhibition of EC proliferation induced by the thiols in the presence of copper sulfate was also reversed by addition of CAT or HRPO (Table II) . Absence ofeffect ofCATand HRPO on the inhibition ofEC DNA synthesis produced by gold sodium thiomalate (GST).
Because we have reported that GST inhibited [3H]TdR incorporation into basal and ECGF-stimulated EC (34) , and since the ligand of GST is thiomalic acid, which contains a sulfhydryl bond, the effects of copper sulfate, CAT, and HRPO on the action of GST were examined (Fig. 8) . When various concentrations of copper sulfate were added to the EC cultures simultaneously with 10 ,ug/ml GST, there was no significant enhancement of GST-induced inhibition of both basal and ECGF-stimulated EC DNA synthesis. Moreover, the GST-induced inhibition itself was not reversed by CAT Fig. 9 . EC were cultured with or without ECGF, in the presence or absence of n-Pen and copper sulfate, for 0-48 h. At varying time periods, the supernatant was removed, the EC were washed and then cultured as before with or without fresh ECGF. When D-Pen and copper were present for as little as the initial 1 h, near maximal inhibition of EC DNA synthesis was observed.
DNA synthesis in the course ofEC proliferation, as assayed by [3H]TdR incorporation, is a late occurrence in a series of reactions. To determine whether a particular step in these series was sensitive to n-Pen and copper, these agents were added to ECGF-stimulated EC cultures at the initiation of incubation or at varying times thereafter. As shown in Table  III , n-Pen and copper sulfate added 15 h before termination of the assay no longer had a significant effect on the subsequent incorporation of [3H]TdR. It is, therefore, suggested that the effects of these agents are exerted in the comparatively early stages of the EC proliferative response. Effect ofD-Pen on neovascularization in rabbit eye. When an ECGF pellet was implanted in the corneal stroma, growth of the blood vessels began at the corneal-scleral junction. The rate of growth was -0.25-0.3 mm/d in the absence of D-Pen administration until the tips of the vessels reached the pellet. As shown in Fig. 10 , there was no infiltration of inflammatory cells around the proliferating blood vessels in the stroma, indicating that the induction of new blood vessels was due to ECGF and not secondary to foreign body reaction to the hydroxyethylmethacrylate pellet. Comparison of the neovascularization induced by an ECGF-containing pellet with that induced by a pellet of hydroxyethylmethacrylate alone, and the effect ofD-Pen on the ECGF-induced neovascularization is shown in Fig. 11 . Almost no blood vessels sprouted towards the pellet of hydroxyethylmethacrylate alone. D-Pen inhibited both the length and number of vessels growing toward the ECGF pellet and injection of 1 mg/kg D-Pen caused almost maximal inhibition of vessel growth.
Plasma levels ofD-Pen in rabbit. To examine time kinetics of concentrations of D-Pen, 10 mg/kg D-Pen was injected intravenously and plasma concentrations were measured after various time intervals (Table IV) . The concentrations decreased to < 10 gg/ml, the effective level in the culture experiment, 30 min after the injection and reached to nearly 1 jsg/ml after 2 h. It is, therefore, indicated that this drug has a rapid turnover in the blood. It is also consistent with this data that near maximal inhibition of EC proliferation was observed in vitro when this drug was present for the initial 1 h of the culture. Discussion D-Pen has been used for the treatment of RA patients with beneficial effect. A variety of possible mechanisms underlying its effect have been reported, e.g., an antiinflammatory action (14) , dissociation of macroglobulins (15, 16), interference with leukocyte chemotaxis (17), interference with helper T cell function (18), inhibition of cross-linking of collagen (19) , and an SOD-like action (20, 21) . Recently, it has been reported that this agent may synthesize H202 in the presence of copper and that the inhibition ofT cell function may be exerted by the H202 generated (22) . Production of H202 by D-Pen in the presence of cupric ion has been observed in a cell-free system (35) .
These data demonstrate that D-Pen inhibited EC proliferation and this inhibition was synergistically enhanced by the presence of the cupric ion. Cupric ion itself, however, did not level of 10 gg/ml. It has been reported that the range of concentration of this drug in the serum of treated patients ranges up to 20 gg/ml (31, 32) and that its tissue concentration is higher because it accumulates in collagen or other joint structures (33). In addition, the maximal concentration of copper used in these experiments, 2 ,ug/ml, was approximately half that found in normal serum and much less than that found in the serum of RA patients (36) (37) (38) (39) ). It appears, therefore, that the observed inhibition by n-Pen and copper ion is occurring at concentrations well within the therapeutic range. The present results have also demonstrated that the inhibition induced by n-Pen and copper ion was prevented by addition of CAT or HRPO into the EC cultures but not by boiled CAT or SOD. Moreover, CAT and HRPO reduced the inhibition of EC proliferation by H202 added to the cultures. It may, therefore, be suggested that the observed inhibition by -Pen and cupric ion is expressed through the action of H202 produced by these two agents. This is also consistent with previous findings that H202 suppresses the functions of T (18, 22) and natural killer cells (27).
The observations that a variety of thiols blocked EC proliferation in the presence of copper and that this inhibition was also reversed by the addition of CAT or HRPO to the cultures indicate that H202 is a common product in the reaction of all of these agents with copper. As shown in experimental models and in RA patients (40, 41) , the greater efficacy of n-Pen compared with other thiols, in vivo, may be based on the fact that this drug is resistant to enzymatic degradation by amino acid oxidases and cysteine desulfhydrases (42) and that autooxidation of n-Pen to the internal disulfide is much slower than that of other thiols (43) .
We have reported that GST inhibits EC proliferation (34) . Because GST is a gold salt of thiomalic acid, the effect of cupric ion on GST-induced inhibition of EC proliferation was examined and it was observed that the effect of GST, when added in the range of concentrations attained in the serum of treated patients, was not affected by copper ion. In addition, the action of GST was not affected by addition of either CAT or HRPO, indicating that GST-induced inhibition was not exerted through the agency of H202. The mechanism whereby H202, produced by D-Pen and cupric ion, inhibits EC proliferation is unresolved at this time. It is unlikely that the observed effect of this agent is due to interference with the binding of ECGF or to a decrease of EC surface receptors for ECGF. This is suggested by the finding that the concentration of ECGF required for the induction of half maximal EC response was not affected by increasing concentrations of D-Pen (data not shown). This suggestion is also supported by the observation that inhibition of EC proliferation was also observed in unstimulated EC treated with D-Pen and copper.
Numerous factors have been reported to support the process of neovascularization. Heparin, a product of mast cells, which can bind ECGF (44, 45) , has been found to enhance the affinity of this agent for its EC surface receptor (46) . Leukocytic infiltration has been observed to precede vascularization in the cornea (47) , agents present in supernatants of cultured macrophages (48) and activated macrophages themselves have been observed to stimulate neovascularization (49) . IFN--y, produced by activated T cells, and IL 1, a product of macrophages, have also been suggested to play a role in the induction of angiogenesis by increasing the release of superoxide anion from EC (50) . Fibronectin, which is secreted by fibroblasts, has 
